Knowledge on gene expression in the liver during respiratory infections is limited although it is well-established that this organ is an important site of synthesis of several systemic innate immune components as response to infections. In the present study, the early transcriptional hepatic response of genes associated with innate immune responses was studied in pigs 14-18 h after intranasal inoculation with Actinobacillus pleuropneumoniae, using innate immune focused microarrays and quantitative real-time PCR (qPCR). The microarray analysis of liver tissue established that 51 genes were differentially expressed. A large group of these genes encoded proteins involved in the acute phase response, including serum amyloid A, C-reactive protein, fibrinogen, haptoglobin and tumor necrosis factor-a the expression of which were all found to be up-regulated and glutathione S-transferase, transthyretin, transferrin and albumin which were down-regulated. Additional genes associated with innate immune responses were investigated using qPCR; genes encoding interleukin-(IL-)1, IL-6, IL-8, lipopolysaccharide binding protein, lactotransferrin, and PigMAP were up-regulated and interferon 1a, a 1 -acid glycoprotein, mannan-binding lectin A, surfactant protein D, and surfactant protein A1 were down-regulated in the liver of infected animals. Down-regulation of a 1 -acid glycoprotein during infection has not been described previously in any species. These results confirm that the liver plays an important role in initiating and orchestrating the innate immune response to A. pleuropneumoniae infection.
INTRODUCTION
The liver mostly consists of hepatocytes (80% by weight) but it also harbours a range of immune-relevant cells including resident macrophages (Kupffer cells), dendritic cells, liver natural killer (NK) cells (pit cells), and NKT cells. 1 The liver is, therefore, highly immunocompetent, capable of both initiating and amplifying immune responses as well as down-regulating such responses. 2 As a major organ very closely associated with the vascular system, the liver has several important homeostatic functions, including handling nutrients taken up from the small intestine, producing and removing plasma proteins, metabolically eliminating toxic substances and removing intravascular debris and bacterial components. 2, 3 During infection, the liver responds with dramatic changes in the pattern of plasma protein biosynthesis (the acute phase protein response). The sheer scale of the redistribution of plasma proteins taking place during the acute phase protein response in a comparatively short time span, places it among the most massive induced biological reactions of a normal organism, indicating its importance in the host defence, also suggested by its extraordinary conserved evolutionary nature. 4 Even so, although individual acute phase proteins display several host defence functions including promotion of wound repair, chemotactic recruitment of monocytes, granulocytes and T-cells, phagocytosis of foreign material, binding of extracellular haemoglobin, and reduction of oxidative damage, 5, 6 the precise biological reason behind the huge redistribution of these proteins during the acute phase response remains speculative. The acute phase protein response is initiated by interleukin (IL-)1, IL-6 and tumor necrosis factor-a (TNF-a) type cytokines (pro-inflammatory cytokines) produced at the site of infection, and circulated by the blood to the liver where they bind specific hepatocyte receptors leading to the production and secretion of different acute phase proteins, in a process being regulated primarily at the transcriptional level. [7] [8] [9] [10] Hepatic gene expression has been investigated after viral, bacterial, and parasitic infections as well as after lipopolysaccharide (LPS) exposure in a range of animal species, including pigs. [11] [12] [13] In the present study, the hepatic acute phase response to infection in pigs after experimental lung infection was analysed. We extended the study to hepatic proteins not readily detectable in the blood stream, analyzing hepatic transcriptional responses using microarray and quantitative real-time reverse transcription PCR (qPCR). As a model infection, porcine pleuropneumonia induced by Actinobacillus pleuropneumoniae was used as it is known to represent a good example of an acute local infection. Actinobacillus pleuropneumoniae is a highly infectious Gram-negative bacterium 14 and the causative agent of porcine pleuropneumonia. Porcine respiratory diseases are very wide-spread causing increased mortality, decreased weight gain, and an increased need for vaccines and antibiotics in modern intensive pig production world-wide. 15, 16 Liver tissue was examined for genes being expressed at significantly different levels compared to pigs in a non-infected control group 14-18 h after A. pleuropneumoniae inoculation. Microarray-based expression analysis has been employed previously to describe the porcine transcriptional responses to infection with A. pleuropneumoniae. [17] [18] [19] This study further contributes to knowledge of the early host systemic response to a bacterial infection by focusing on the hepatic transcriptional response.
MATERIALS AND METHODS

Experimental infection
Ten castrates of Danish Landrace/Yorkshire/Duroc crosses (8-10 weeks old) from a high-health herd, free from A. pleuropneumoniae were inoculated intranasally with A. pleuropneumoniae serotype 5b, isolate L20 as described previously. 20 Five pigs from the same herd were not inoculated and sacrificed at the day of inoculation of the infected pig group. The 10 inoculated animals were sacrificed 14-18 h after inoculation and necropsied immediately. All animal procedures were approved by the Danish Animal Experiments Inspectorate.
Extraction of RNA
Tissue samples of approximately 500 mg were taken from the liver, snap-frozen in liquid nitrogen and stored at À80 C until RNA extraction. Liver samples were disrupted and homogenized in RTL buffer (Qiagen, Albertslund, Denmark) using a Tissue-Tearor, 985370-XL (BioSpec Products, Bartlesville, OK, USA). Total RNA was extracted using RNeasy midi kit (Qiagen), and all samples were treated with RNase-free DNase Set (Qiagen), according to the manufacturer's instructions. Quantity and quality of extracted total RNA were measured on a Nanodrop ND-1000 spectrophotometer (Saveen and Werner AB, Limhamn, Sweden) and on an Agilent 2100 Bioanalyzer (Agilent Technologies, Naerum, Denmark), respectively. The Agilent Bioanalyzer assigns an RNA Integrity Number (RIN) from 1-10 to each total RNA sample, with 10 being nondegraded RNA.
Innate immune focused microarrays
The in-house spotted porcine oligonucleotide microarray (POM4) is a low density microarray holding 373 different oligonucleotide probes representing more than 200 immune-related porcine genes and eight different synthetic array control oligonucleotide probes (ArrayControl TM ; Ambion, Austin, TX, USA). The immunologically relevant 60-75mer oligonucleotide probes correspond to genes encoding proteins like interleukins and chemokines along with receptors for such, interferons, acute phase proteins, complement components, and apoptosis-related factors. Probes with relevance to Toll-like receptors (TLRs) and their intracellular signalling pathways as well as probes for different house-keeping genes are also included on the microarray. Detailed information of probes on the POM4 microarray can be found at NCBI's Gene Expression Omnibus (GEO, 21, 22 5http://www.ncbi.nlm.nih.gov/ geo/4) following the platform accession number GPL6849.
The porcine target sequences used for probe design were obtained from public databases (NCBI, National Center for Biotechnology Information; GenBank5http:// www.ncbi.nlm.nih.gov/4; and the Gene Index Project 5http://compbio.dfci.harvard.edu/tgi/tgipage.html4). Probes were designed using OligoWiz, freely available at 5http://www.cbs.dtu.dk/services/OligoWiz2/4, aiming at a length of 70mer (AE 5mer) and a preferred melting temperature of 87.5 C. Oligonucleotides were synthesized by DNA Technology A/S (Å rhus, Denmark) and diluted to 50 mM in 50% dimethyl sulfoxide (DMSO), and array controls were diluted to 30 mM in 50% DMSO. Oligonucleotides were spotted on Corning UltraGAPS TM coated slides (Biotech Line A/S, Slangerup, Denmark) using a VersArray ChipWriter TM Pro, software v.2.1.1 (Bio-Rad Laboratories Ltd., Ontario, Canada) equipped with eight SMP3 pins (TeleChem International, Inc., Sunnyvale, CA, USA). Oligonucleotides were spotted in triplicate in eight sub-arrays each holding 10 Â 15 spots. The eight sub-arrays were repeated three times vertically on the slide. After printing, slides were dried, UV cross-linked and stored in a vacuum desiccator at room temperature until use. Prior to hybridisation, slides were pre-hybridized according to manufacturer's instructions (Corning Incorporated, Corning, NY, USA). All slides used in this study were from the same spotting batch.
The expression profiles of liver samples from the 10 infected pigs were compared with the profiles of liver samples from the five non-infected control pigs to indentify hepatic gene expression differences caused by infection. A direct experimental design including dye-swapping was used: Five randomly selected cDNA samples from the infected group were labeled with Oyster 550 (Genisphere Inc., Hatfield, PA, USA) and compared directly to five control animals labeled with Oyster 650 (Genisphere), analyzing a pair of samples (one from an infected animal and one from a randomly chosen non-infected animal) on each microarray slide. The remaining five cDNA preparations from the infected group were labeled with Oyster 650 and compared in the same way to the five controls labeled with Oyster 550 on five additional microarray slides. Thus a total of 10 microarray slides were performed. This dye-swap design was applied to reduce variation due to dye effects and to provide as much biological replication as possible.
3DNA TM Array 900 expression array detection kits (Genisphere) were used for labelling and cDNA synthesis of RNA in the present study. Labelling was done according to the manufacturer's protocol for large-scale cDNA synthesis using 7 mg total RNA. Hybridisation and washing were performed according to the manufacturer's instructions (Genisphere) using Corning hybridisation chambers (Biotech Line A/S). Briefly, the two cDNA preparations (infected vs control) 25 ml each, 1 ml salmon sperm DNA (10 mg/ml) and 51 ml 2 Â formamidebased hybridisation buffer (3DNA Array 900, Genisphere) were mixed and 70 ml of this solution was applied to the microarray slide under a 25 Â 60 mm LifterSlip (Erie Scientific Company, Portsmouth, NH, USA) carefully avoiding air bubbles. Slides were incubated at 44 C in a water bath overnight. For the post cDNA hybridisation wash, wash buffer 1 (3DNA Array 900, Genisphere) was preheated to 44 C. The following 3DNA hybridisation mixture was used for the labelling reaction: 2.5 ml of each Capture reagent (3DNA Array 900, Genisphere), 41 ml SDS-based hybridisation buffer (3DNA Array 900, Genisphere), 35 ml milliQ water and 1 ml salmon sperm DNA (10 mg/ml) were mixed to a final volume of 82 ml. 3DNA Hybridisation mix (70 ml) was applied to each slide, and incubated in the dark in a water bath at 62 C for 4 h. Wash buffer 1 was preheated to 64 C for the post 3DNA hybridisation wash. Slides were scanned using a CCD-based imaging system (ArrayWoRxe auto; Applied Precision, Issaquah, WA, USA).
Microarray image processing and spot finding were performed using GenePix Pro 6.0 (Molecular Devices Corporation, Sunnyvale, CA, USA). Low intensity spots were flagged if they did not have at least 45% of their feature pixels more than 2 standard deviations above background, incorrectly placed spots were flagged manually. Data were saved to Acuity 4.0 (Molecular Devices Corporation) and normalized using default options (ratio based normalization). Normalized background-subtracted medians for all spots were exported to Microsoft Excel and processed as previously described. 23 All data have been deposited at GEO 5http://www.ncbi.nlm.nih.gov/geo/4 accession no. GSE11404. Differentially expressed genes were defined using Student's t-test (two-tailed). P50.01 was used as the critical level of significance. This stringent P-value was chosen to decrease the incidence of false positive results when testing gene expression with multiple probes as done in the microarray analysis. Two-tailed tests were used as the direction of change was not known. The test for significance was performed on ln transformed data to ensure normal distribution while fold change was estimated from the anti ln of the mean ln difference for each gene.
Quantitative PCR
Quantitative PCR (qPCR) was applied to study expression of the following genes: ALB, AOAH, APOA1, CD14, CRP, FGG, GAPDH, HP, HPRT1, IL-1, IL-6, IL-8, IFNa, IFN-g, LBP, LTF, MBL-A, MD-2, ORM1, PigMAP, SAA2, SP-A, SP-D, TF, TNF-a, TLR4, TLR9, and TTR (abbreviations are explained in Table 1 ). The cDNA synthesis of total RNA was performed using QuantiTect Reverse Transcription (Qiagen), and stored at À20 C until further use: 1 mg total RNA was mixed with gDNA wipe-out buffer (Qiagen) and reverse transcription was performed with a mix of oligo-dT and random primers according to the manufacturer's instruction. The qPCR (Table 1) , SYBR Green (BMA BioWhittaker, Verviers, Belgium), and gene specific primers (600 nM) were mixed to a total reaction volume of 25 ml as described previously. 20 Reactions were performed in triplicate (qPCR replicates) and outliers were excluded using the Grubbs test. 24 Non-template controls (NTC) were included to indicate potential problems with non-specific amplification or sample contaminations. Calibration curves constructed from dilution series of highly responding samples were used to assign relative concentrations. Samples were all within the linear range of the calibration curve (covering at least three orders of magnitude) both with regard to cDNA concentration and Cq. Melting curves were generated after each run to confirm a single PCR product. Possible DNA contamination was assessed using no-RT (no reverse transcriptase added) controls, and no-RT control47 cycles than the cDNA sample was accepted. If possible, primers were designed to span intron/exon boundaries to prevent amplification of possible genomic DNA. BLAST searches were performed to ensure absence of intraspecies polymorphisms at the primer site. Primers were designed using Primer3 (5http://frodo.wi.mit.edu/cgi-bin/primer3/ primer3www.cgi4). Primer sequences and reaction conditions are shown in Table 1 .
Normalization of gene expression was obtained by dividing each relative sample concentration by its corresponding normalization factor, based on the geometric mean of the relative concentration of the two best reference genes. In this study, glyceraldehyde-3phosphate dehydrogenase (GAPDH) and hypoxanthine phosphoribosyl-transferase 1 (HPRT1) were used, as these genes were found to be the most constantly expressed reference genes using the geNorm software 25 as well as NormFinder. 26 To visualize differential expression of genes between the infected and noninfected animals, the mean, normalized value of the control group was set to 1, and the mean, normalized value from the infected group was displayed as fold change compared to the control group. Results are presented as the mean AE SEM. The Mann-Whitney U-test was performed to test for significance of gene expression differences between control and infected groups. Data from qPCR used to validate microarray results were tested for statistical significance using a one-tailed test as in this case the direction of the change in gene expression could be defined (based on the microarray data) for all genes. Quantitative PCR data on genes that were not analysed previously by microarray analysis were tested using a two-tailed test.
The expression value for each gene was considered significant when P50.05.
RESULTS
All 10 inoculated pigs revealed characteristic, welldemarcated, lung lesions of variable severity. No signs of pathological changes due to infection were seen in lungs from control animals. The inoculation strain, A. pleuropneumoniae serotype 5B, was re-isolated in lung tissue from all inoculated animals and from none of the control animals. In addition, the inoculation strain was isolated from liver tissue of six out of the 10 inoculated animals. Liver tissue obtained at necropsy yielded high-quality total RNA, with an average RIN value of 9.3 (range, 8.5-10), well suited for microarrayand qPCR-based expression analysis.
Immune focused microarray POM4
A total of 51 genes were found to be significantly (P50.01) differentially expressed in liver tissue from infected animals compared to the control group (Table 2) . Of these genes, 27 were expressed at a lower level and 24 genes were expressed at a higher level in liver tissue from infected animals. Approximately 20% (9 out of 51) of the differentially expressed genes encoded proteins involved in the acute phase response: TNF-a, serum amyloid A (SAA), C-reactive protein (CRP), fibrinogen (FGG), and haptoglobin (HP) mRNAs were found to be up-regulated and transthyretin (TTR), transferrin (TF), glutathione S-transferase A2 (GST) and albumin (ALB) mRNAs were found to be downregulated in infected pigs. The highest fold changes were observed in two down-regulated genes, GST (15.5-fold) and TTR (14-fold) and in one up-regulated gene SAA (11-fold; Table 2 ).
As we found genes involved in the acute phase response to be a dominant group of differentially expressed genes in our dataset, qPCR validation of the microarray data were focused on these genes (marked with asterisk in Table 2 ).
Quantitative PCR
Acute phase response genes (marked with asterisk in Table 2 ) were found to be significantly differentially expressed (P50.05) in accordance with the microarray results, although some differences in fold change were seen when comparing microarray data with qPCR data ( Table 2 and Fig. 1 ). In addition, we found genes encoding PigMAP (an acute phase protein, not represented on the microarray) IL-1, IL-6, and IL-8 to be Genes are arranged according to the magnitude of expression change, positively and negatively changing genes shown in the upper and lower part of the table, respectively. Genes known to be involved in the acute phase protein response and validated by qPCR are marked with an asterisk. significantly up-regulated and interferon-a (IFN-a) as well as a 1 -acid glycoprotein (ORM1) gene expression to be significantly down-regulated in the infected group of pigs. Most of these genes were also differentially regulated as evaluated on microarray data, although bordering on significance.
Based on microarray analysis, we found that several of the differentially regulated genes coded for proteins involved in pattern recognition of pathogens and it was decided to investigate the expression of a range of these genes by using qPCR. As shown in Figure 2 , transcripts of LPS binding protein (LBP) and lactotransferrin (LTF) were found to be significantly up-regulated and mannanbinding lectin A (MBL-A), surfactant protein A1 (SP-A) and surfactant protein D (SP-D) to be significantly down-regulated. Genes encoding TLR4 as well as its associated molecules CD14 and MD-2 were all expressed in the liver, but were not found to be regulated in response to the infection.
DISCUSSION
The hepatic transcriptional response to infection caused by the highly virulent respiratory pathogen A. pleuropneumoniae was studied within the first 14-18 h after experimental inoculation. We found several genes associated with the innate immune response to be differentially expressed in the liver as a result of acute pleuropneumonia. A part of these genes were associated with LPS detection and bacterial clearance indicating the central role of the liver in maintaining vascular homeostasis by binding and possibly neutralizing bacteria and bacterial components found in the blood-stream during acute infection. Another important activity of the liver is initiation of a systemic response to a local infection through the production of acute phase proteins and other host defence related proteins, as also found to be regulated based on mRNA profiles in the present study. These proteins are soluble proteins which, after being synthesized by liver cells, are secreted into the blood stream and presumably transported to the site of infection in order to fulfil their roles as anti-bacterial defence molecules, while their role in the producing tissue is less evident. It can also be envisaged that they serve critical roles in scavenging the vascular system for bacteria and bacterial components counteracting systemic infection and systemic inflammation (sepsis). In any case, this points to the liver as a pivotal part of the systemic response, supplying the vascular system with molecules involved in host defence reactions. A large fraction of the differentially expressed genes found in the present study was involved in the acute phase reaction. Altered hepatic synthesis of a wide spectrum of serum proteins, the acute phase proteins, is well described during the early response to infection. 17, [27] [28] [29] All acute phase protein expression changes found between infected and control pigs using the immune focused microarray were confirmed by qPCR ( Table 2 and Fig. 1) ; however, qPCR validation generally resulted in an increase of the calculated fold changes. We believe that this sensitive and less complex technique allowed a better definition of fold changes to be obtained.
The pronounced down-regulation of mRNA coding for GST (Table 2 ) found in the present study supports the proposal by Buetler 30 that this protein should be considered a negative acute phase protein. In agreement with Sorensen and co-workers, 28 we found PigMAP to be significantly up-regulated as a result of bacterial infection.
The down-regulation of the gene encoding a 1 -acid glycoprotein (ORM1; Fig. 1 ) in the liver of infected animals (qPCRdata, P ¼ 0.03; microarray data, P ¼ 0.04) was remarkable and in contrast to the acute phase induced increases reported in numerous other studies in a range of species, 31, 32 including pigs suffering from mastitis, metritis, agalactia or pneumonia. [33] [34] [35] On the other hand, unchanged serum concentrations of ORM1 have also been described in pigs with porcine reproductive and respiratory syndrome virus and during aseptic inflammation. [36] [37] [38] It is not uncommon that a certain acute phase protein may exhibit different induction behaviour in different species. 39 Interestingly, as also found by others, 40, 41 induction of genes encoding pro-inflammatory cytokine and chemokine was observed in the liver, broadening the acute phase response to include acute phase protein inducing factors. Significant changes in the hepatic expression of several cytokines and chemokines were found, including up-regulation of IL-1, IL-6, IL-8, secreted phosphoprotein 1 (SPP1), chemokine (C-X-C motif) ligand 10 (CXCL10), TNF-a and down-regulation of IL-21, TNF (ligand) superfamily member 10 (TNFSF10), IFN-a, and IFN-g ( Table 2 and Fig. 1) . The down-regulation of IFN-g expression was puzzling as this cytokine is known to be induced in NK cells of the liver as a response to bacterial infection (see review by Seki et al. 42 ). This may indicate that IFN-g induction is tightly controlled, and this makes sense, as overactivation of Th1 immune responses of which IFN-g is an important part can lead to self-directed cytotoxicity which is detrimental to the liver.
Our findings on hepatic cytokine mRNA expression confirm and expand the results of Nunez and co-workers 41 who reported an increase in protein levels of IL-1a, TNF-a and IL-6 in porcine hepatic macrophages after intramuscular inoculation with classical swine fever virus. These results further emphasize the fundamental role of IL-1, IL-6 and TNF-a in initiating and controlling the acute phase protein response. 7, 8 Binding of these cytokines (released by activated Kupffer cells, interstitial macrophages or monocytes) to hepatocyte receptors regulates the expression of a wide spectrum of acute phase proteins. The up-regulation of TANK (6.7-fold) found in the present study, supports the involvement of TNF-a as a central mediator of the immune response since TANK is required for TNF-a mediated NF-kB activation. 43 A well-described group of receptors involved in sensing of pathogens are the TLRs, which are also expressed in liver tissue at the cell surface and endosomally by Kupffer cells, dendritic cells and several other types of cells present in the liver. 44 Toll-like receptor 4, interacting with CD14 and MD-2, is of particular importance in recognition of LPS, 45 a cell wall component of A. pleuropneumoniae. We found genes encoding TLR4, CD14, and MD-2 to be expressed in the liver of both infected and non-infected animals, but this expression was not regulated as a result of the bacterial infection. Whether the presence of LPS leads to a change in mRNA levels of TLR4 is not entirely clear and this receptor has recently been shown to be regulated in sheep 13 and not to be regulated in pigs 46 as a response to LPS challenge or bacterial infections.
The following genes associated with detection and clearance of bacteria or bacterial components were found to be differentially expressed in response to the infection: LBP, LTF, MBL-A, SP-A, and SP-D. Transcripts of LBP were up-regulated more than 2-fold in response to porcine pleuropneumonia.
Lipopolysaccharide-binding protein has been shown to deliver LPS to CD14 thereby enhancing the LPS response. 47 The iron-binding polypeptide LTF was also highly up-regulated in the present study (410-fold). It exhibits well-documented antimicrobial properties, in that it binds to, and increases the permeability of, the bacterial outer membrane. [48] [49] [50] The mRNA levels of SP-A, SP-D and MBL-A were all found to be down-regulated in the present study. SP-A, SP-D, and MBL-A are pattern recognition molecules binding to carbohydrate structures on bacterial surfaces to promote membrane lysis and phagocytosis, and these lectins are thought to play an important role in first-line host defence. 51, 52 Synthesis of SP-A and SP-D mainly occurs in the lung, but other extrapulmonary locations have been documented. 52, 53 Surfactant proteins have previously been shown to be down-regulated in the lung of A. pleuropneumoniae infected pigs, including porcine SP-C 54 and SP-B. 55 On the contrary, Sorensen and coworkers 56 found porcine SP-D to be induced in lung tissue 1 day after A. pleuropneumoniae challenge.
Mannose-binding lectin-A has previously been found to bind to the outer membrane of several bacterial species within the Pasteurellaceae family including A. pleuropneumoniae. 53 Low levels of MBL, due to allele variation, have been correlated with increased susceptibility to sepsis and respiratory infections in human studies, 57 most likely because the MBL-mediated opsonisation of pathogens is down-regulated in the earliest stage of the infection. Whether the downregulation of mRNA encoding MBL-A found in the present study also renders the infected pigs more prone to develop severe disease upon infection is not known. However, pleuropneumonia caused by A. pleuropneumoniae is known to have the ability to develop into severe sepsis leading to death within 6-12 h, due to a rapid onset of circulatory collapse and multiple organ failure. 58 Septic shock releases an excessive amount of inflammatory molecules. One of these is nitric oxide (NO), which plays a prominent role in the circulatory collapse by inducing vasodilation. Nitric oxide synthase (NOS)3, which we found to be a highly up-regulated transcript in our study, catalyses the synthesis of NO. It has previously been shown that iNOS 59 and NOS2 60 are up-regulated in lungs as a consequence of an A. pleuropneumoniae infection, but NOS3 has never been shown to be up-regulated before.
CONCLUSIONS
It has been directly demonstrated that the liver responds to bacterial lung infection with A. pleuropneumoniae by profound alterations in its expression of genes encoding a range of proteins including, but not limited to, the acute phase proteins. Actinobacillus pleuropneumoniae was isolated from the liver of 6 out of 10 infected animals in this study and it has been shown previously that porcine liver cells are directly responsive to LPS and can be induced to secrete pro-inflammatory cytokines and PigMAP in primary culture. 40 The hepatic transcriptional response observed in this study is thus most probably a combination of a direct response to bacteria and/or bacterial components present in the liver and a systemic acute phase response triggered by pro-inflammatory cytokines circulating from the sites of infection in the lung. Even so, the data obtained here do indicate that the liver responds rapidly to a non-hepatic infection with a wide-ranging acute phase protein and cytokine response. Interestingly, some genes encoding cytokines, including the 'late' immune-polarizing cytokine IFN-g were down-regulated and it could thus be speculated that part of the hepatic acute phase response might function to limit immune activation. This could be speculated to be an important function of the liver, being closely associated with the vascular system, thus serving to take up and remove bacterial components and at the same time limiting the response to them.
